Reversible Metal-Insulator Transition in LaA103 Thin Films Mediated by Intragap 
Defects: An Alternative Mechanism for Resistive Switching 



Z. Q. D. P. Leusinki'2, W. M. Lul'^ X. Wang^'^, X. P. Yang"^, K. Gopinadhanl'^ Y. T. Lin^'^ A. Annadi^'^, Y. 

L. Zhaoi'2, A. Roy Barmani'^, S. Dharl'^ Y. P. Feng^'^, H. B. Su"^, G. Xiongl'^ T. Venkatesani'^'^, and Ariando^'^ 

^ NUSNNI-Nanocore, ^Department of Physics, ^Department of Electrical and 

Computer Engineering, National University of Singapore, Singapore and 
^Division of Materials Science, Nanyang Technological University, Singapore 
(Dated: October 10, 2011) 

We report the electric-field-induced reversible metal-insulator transition (MIT) of the insulating 
LaAlOa thin films observed in metal/LaAlOa/Nb-SrTiOs heterostructures. The switching voltage 
depends strongly on the thickness of the LaAlOs thin film which indicates that a minimum thickness 
is required for the MIT. A constant opposing voltage is required to deplete the charges from the 
defect states. Our experimental results exclude the possibility of diffusion of the metal electrodes or 
oxygen vacancies into the LaAlOs layer. Instead, the phenomenon is attributed to the formation of 
a quasi-conduction band (QCB) in the defect states of LaAlOs that forms a continuum state with 
the conduction band of the Nb-SrTiOs- Once this continuum (metallic) state is formed, the state 
remains stable even when the voltage bias is turned off. The thickness dependent reverse switch-on 
voltage and the constant forward switch-off voltage are consistent with our model. The viewpoint 
proposed here can provide an alternative mechanism for resistive switching in complex oxides. 

PACS numbers: 73.40.Rw, 73.50.Gr, 73.20.Hb 



The electronic state of complex oxides can be changed 
by chemical doping, temperature, external pressure [1-3], 
magnetic field [4], electric field [5] or light [6]. In partic- 
ular, the electric-field-induced MIT has attracted a lot of 
attention because of its intriguing physical mechanisms 
[7,8] and potential for device applications. With the re- 
cent excitement in resistive switching [9-11] in typical 
metal/insulator /metal structures [12,13], electric-field- 
induced MIT has been revisited as a possible mecha- 
nism [14-16]. A number of different mechanisms [17-20] 
have been previously demonstrated for resistive switch- 
ing, such as electric-field-induced oxygen vacancy migra- 
tion resulting in the formation of conducting filaments 
[17,18], and reversible metal migration from electrodes 
[19]. Such a variety of field-induced phenomena arise 
from the complex defects that are present in these oxides. 
Cationic and anionic defects can form trap states within 
the bandgap of even wide bandgap oxides, drastically af- 
fecting their insulating properties [21]. In this paper, we 
show reversible MIT caused by the electrical population 
of defect levels in the bandgap of oxide insulators, which 
in turn can play a crucial role in determining the insu- 
lating nature of the material. The very large bandgap of 
LaAlOg (LAO) of - 5.6 eV [22], and the possibility of 
fabricating high crystalline quality thin films make it an 
ideal material for investigation of the unusual insulating 
properties of complex oxides. 

Typical metal/insulator/metal structures (Fig. la) 
were prepared by first depositing LAO films using a 
pulsed laser deposition technique from a single crys- 
tal LAO target onto (OOl)-oriented 0.5 wt% Nb-doped 
SrTiOa (NSTO) single-crystal substrates. The LAO films 
of various thicknesses (25 — 150 nm) were grown at 800°C 
under an O2 partial pressure of 1 x 10~^ Torr. During 
deposition, the fluence of the laser energy was 1.3 J/cm^ 



and a shadow mask was used to cover a small part of 
NSTO to be used as the bottom electrode. After deposi- 
tion, the sample was annealed for 1 hour at 600° C in am- 
bient O2. Subsequently, the samples were cooled to room 
temperature at a very slow ramping rate of 5°C/min to 
avoid cracking of the films, which can occur because of 
the mismatch between the thermal expansion coefficients 
of LAO and NSTO. Finally, 1x2 mm^ metal top elec- 
trodes (Cu or Au) were deposited on top of the LAO film 
by pulsed laser deposition through a stencil mask. The 
temperature dependence of the sample resistance {R — T) 
was measured by applying a voltage of 0.05 V between 
the top metal electrode and bottom electrode (Fig. la). 
At this small voltage, the existing resistance state is sta- 
ble over time. Using the same two-terminal geometry, 
current- voltage (/ — V) characteristics were measured by 
scanning the applied voltage and reading the current with 
a compliance current of 0.1 A. The sign of voltage cor- 
responds to the sign of the voltage applied to the metal 
top electrode. 

Figure 1 shows that the electronic phase of the 
Cu/LAO (150 nm)/NSTO structure can be reversibly 
changed by the applied voltages. In the following, we 
will describe the switching sequence starting with the 
negative voltage. As illustrated in Fig. 1(b), the temper- 
ature dependence of the R — T curve of the initial state 
indicates typical insulating behavior that corresponds to 
the initial I — V curve of the system as seen from i to j 
in Fig. 1(c). At low voltages, the resistance is very high 
but when the voltage reaches —6.8 V, a sharp jump in 
the current is seen. Because of the imposed compliance 
current of 0.1 A, which is used to prevent sample dam- 
age [12,19], the current saturates at 0.1 A. As the voltage 
is scanned back to V, a linear I — V characteristic is 
seen, which corresponds to a stable metallic state shown 
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FIG. 2: (a) Negative switching of Au/LAO (-150 nm)/NSTO 
at 4.1 K. The inset % and n are R — T curves of the initial state 
and after negatively scanning voltage back to {i.e., after 
—10 V ^ at 4.1 K), respectively. The current values in 
the k — l — m sequence are confined by the compliance current, 
(b) Positive scan after (a) at 298 K by ^ 7 V ^ 0. The 
inset m is R — T curve after positive scan. 



FIG. 1: (a) Sample configuration and measurement geometry, 
(b) R — T curve of the initial resistance state for Cu/LAO 
(—150 nm)/NSTO structure on a semi-logarithmic scale, (c) 
I — V measurements by scanning voltage along ^ — 7 V ^ 
^ 7 V ^ and R—T curves of different resistance states. The 
inset m and q are the R — T curves after scanning the voltage 
through points m and q to zero, respectively. The horizontal 
data between points k and / are due to the compliance current 
in action, (d) I — V curves after the cycle shown in (c) and 
R — T curves of different resistance states. The inset / and p 
are the R — T curves after scanning the voltage through points 
/ and p to zero, respectively. 



in the inset m of Fig. 1(c). Hence, upon the dramatic 
switching of the resistive state triggered at -6.8 V, the re- 
sistance changes from ^ 14 MQ to 25 1^ at room tem- 
perature, which is concomitant with a phase transition 
from the insulating to the metallic phase. The metal- 
lic state persists until the positive voltage scan reaches 
about 2.4 V; at that level, the structure transitions into 
a high-resistance {n — o — p — q) and non-metallic state 
as indicated in the inset q of Fig. 1(c). The reversible 
phase transition is reproducible, as shown in the second 
I — V cycle in Fig. 1(d). These behaviors are totally 
unexpected for a wide bandgap insulator such as LAO. 

The anomalous insulating behavior of LAO cannot be 
explained by artefacts such as anodization or redox of 
the active metal electrode [19]. In those cases, anodic 
dissolution of the metal electrode is possible only if ade- 
quate positive voltage is applied to an active metal elec- 
trode, and the resulting cations can be driven by the 
strong electric field into the insulating film where they 
form metallic filaments. To further eliminate this pos- 
sibility, structures with inactive Au as the top electrode 
material were prepared and analyzed; these structures 
showed no observable difference in their resistive switch- 
ing behavior compared to those that had Cu as the top 
electrode (supporting material). This strongly suggests 
that the reversible phase transition cannot be caused by 
the diffusion of metal electrodes. 

Another possible mechanism for this anomalous insu- 



lating phenomenon is the migration of oxygen vacancies. 
If such a mechanism is occurring, the applied electric 
field could only change the distribution of the positively 
charged oxygen vacancies [23]. Therefore, no insulating 
phase would appear, even at higher resistance states. Our 
case is also significantly distinct from the type of resis- 
tive switching that originates from the electro-migration 
of excess oxygen as described by Shi et al. [24]; in that 
experiment, the resistive switching disappeared at tem- 
peratures below 200 K because of the low diffusion coef- 
ficient of the oxygen. To verify this, the low temperature 
switching properties were examined using the same struc- 
ture with a Au electrode. The initial insulating state of 
this structure is shown in the inset i of Fig. 2(a). Af- 
ter cooling to 4.1 K, the I — V measurements were per- 
formed and the structure was negatively biased to —8.8 
V, at which it switched to a linear state with a very small 
resistance of 12 1] as shown in Fig. 2(a), which corre- 
sponds to a metallic phase as revealed in the inset n of 
Fig. 2(a). The voltage required to obtain this switching 
is larger than the one at room temperature. The sam- 
ple was then warmed up to 298 K, after which it was 
switched back to a non-metallic state as indicated by the 
inset m of Fig. 2(b) with a higher resistance of ^ 10 
kTt. These results are consistent with the results seen 
in the room-temperature device; it is thus very difficult 
to attribute the reversible MIT observed in LAO to the 
oxygen vacancy or excess oxygen scenarios. 

We propose a novel mechanism to describe this unusual 
insulating behavior. Our femtosecond pump-probe ex- 
periments on single crystal LAO reveal that defect states 
can exist in LAO within a wide energy range at approxi- 
mately 2.0 eV below the conduction band, which is con- 
sistent with the theoretical calculations of Luo et a/. [25]. 
In Fig. 3(a), a sketch of the band structure of the de- 
vice is depicted. For LAO, it is very difficult to iden- 
tify that it has a p-type or n-type band structure, so 
we use the term "Fermi level" just to mark the middle 
of its bandgap. Additionally, the work function of the 
utilized NSTO substrate is very small, determined to be 
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FIG. 3: (a) Schematic of the band diagram of the device with no voltage bias. The middle defect band represents the defect 
levels of LAO, which are widely distributed in the bandgap at ^2 eV below the conduction band, (b) Formation of a QCB 
under an initial negative voltage bias, (c) Depletion of electrons in the QCB by a subsequent positive bias, (d) Partial charge 
density distributions of local defect state around the Fermi level for LAO. (e) The lowest unoccupied conduction band at F 
point for cubic SrTiOs, respectively. The yellow clouds represent charge densities exceeding 0.011872 electrons/A^. 



~ 3.9 eV. Therefore, it is plausible to assume that the 
Fermi level of NSTO is higher than the Fermi level of 
LAO, as seen in Fig. 3(a). Initially, there is no con- 
duction between the NSTO and LAO. Under sufficient 
negative bias, charges will be injected into and fill up the 
LAO defect levels from the metal side and the energy 
band of NSTO will be pushed down relative to the bands 
of LAO. The Au/LAO and the NSTO bottom electrode 
constitute a capacitor. The charges going into the trap 
states is determined by the applied field. At a critical 
field where the charge density in the defect states reaches 
the Mott limit (~ 3.6 x 10^^ cm~^), a quasi continuum 
state is formed where we have assumed an effective elec- 
tron mass of 1 and a dielectric constant of 20 for the 
LAO film. We call this defect-mediated continuum state 
a "quasi-conduction band" (QCB). Hence one expects for 
all devices a similar switch on field. The applied voltage 
will then scale linearly with thickness under the condition 
that the dielectric constant remains field invariant. As 
demonstrated in Fig. 3(b), once the energy level of QCB 
lines up with the Fermi level of NSTO, which is slightly 
above its conduction band [26], a continuum state is es- 
tablished, and this state remains even when the current 
is reduced to zero because of the overlap of the electron 
wave functions. The effective charge transferred to the 
defect levels at the switching threshold of 0.22 A is es- 
timated to be around 4.6 x 10^^ cm~^ for a device area 
of 0.02 cm^, a LAO thickness of 150 nm and a defect 
level lifetime of ~ 10 microseconds. While this carrier 



concentration is about 3.5 times smaller than that of the 
NSTO, which is 1.6 x 10^^ cm~^, it is only slightly larger 
than the estimated Mott limit, which makes the LAO a 
stable metallic system. To validate this idea, theoretical 
calculations on interstitial La^+ defect of LAO and per- 
colation of wave functions were performed (supporting 
material). It was found that the charge density higher 

than 0.011872 A exists mainly at La atoms around the 
defect with strong d-orbital character, which is of the 
same order of magnitude as our estimated number. In- 
terestingly, the charge density of the lowest unoccupied 
conduction band at F point around Ti atoms in cubic 
SrTiOs has the same magnitude as that of the defect 
state of LAO such that the defect La— d and Ti—d wave 
functions can couple if they are in proximity, as shown 
in Fig. 3(d). The most interesting aspect of the QCB is 
the inherent hysteresis; the only way that this device can 
be restored to the original insulating state is by applying 
an opposing voltage, which will then remove the carriers 
from the QCB and relatively pull the conduction band 
of NSTO up, leading to the lack of overlap between the 
QCB and the conduction band of NSTO, as depicted in 
Fig. 3(c). In the forward regime the LAO and NSTO 
are indeed metallic and that is the reason why the QCB 
continues to exist even when the voltage drops below the 
switch on voltage and even after the polarity is reversed. 
However, when the voltage reaches the difference between 
the QCB and the CB of LAO the electrons now can be 
extracted out of the QCB into the CB of LAO and this 
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FIG. 4: (a) Thickness dependence of the I — V curves for 10, 
25, 50, 70, 85, 100, 130, 150, 220 and 450 nm thick LaAlOs 
showing a minimum thickness threshold (70 — 85nm) for ob- 
serving hysteretic switching (only / — l/'s for 50, 85, 100, 150 
and 220 nm shown), (b) The forward switch-off and (c) the 
reverse switch-on voltage thresholds plotted as a function of 
LAO thickness for films above 70 nm which exhibit the re- 
versible MIT. 



causes the QCB to vanish, resulting in the Switch Off. 
Intriguingly, the transition where the system becomes an 
insulator (with an applied positive voltage) is close to 2.4 
V, which is the difference in the bandgaps of LAO and 
NSTO. One would predict the switch off voltage to be 
independent of the LAO thickness. 

This QCB originates from the defect levels in the 
bandgap of LAO, which is supported by the change in 
resistive state values after several cycles; the device has 
slightly lower resistance values after the first cycle, and 
those values slightly increase in the later cycles as shown 
in Fig. 1(c) and (d). This change points to the possibil- 
ity of defect production and defect rearrangement after 
large currents have passed through these devices. To fur- 
ther test this hypothesis, devices as a function of different 
LAO thickness were studied. Figure 4a shows the switch- 
ing behavior as a function of thickness with the I — V 
characteristics shown for a few of the many devices stud- 
ied. It is clear that a minimum thickness (70 — 85 nm) 
is required before switching occurs. This is consistent 
with the defect picture as the films become more defec- 
tive with increasing thickness. This may arise due to the 
inherent lattice mismatch between LAO and SrTiOs. In 
Fig. 4b, the reverse switch-on voltage shows a superlin- 
ear dependence on the thickness and this can be argued 



due to two effects; the need to create a threshold quantity 
of charge to create the QCB and to account for variations 
in dielectric constant and also the barrier potential be- 
tween the metal and LAO as a function of thickness and 
field. The forward switch-off threshold voltage is plotted 
in Fig. 4c and is found to be thickness independent at 
a value of ~ 2.4 V, close to the bandgap difference be- 
tween LAO and SrTiOs. The forward switch-off is very 
sharp for smaller thicknesses (85 nm film) and tends to 
broaden with increasing thickness (as indicated by error 
bars) suggesting creation of more defect levels with in- 
creasing thickness. The general trend of the thickness 
dependence of the threshold voltages in the two polari- 
ties support the basis of the proposed model. Further de- 
tailed experiments would be needed to fully understand 
this behavior. 

Most of the complex oxides have predominantly ionic 
bonds and are prone to a variety of cationic and an- 
ionic defects including vacancies, interstitials and anti- 
sites. These defects create a plethora of electronic states 
within the bandgap of these oxides. In these insulators, 
the defect levels can be populated to form QCB, which 
can lead to multiple conduction states in the same sys- 
tem. These states can be stabilized if an adjacent metallic 
conduction band overlaps with them. The only way to 
restore the levels back to their original state is by remov- 
ing the carriers from the defect levels; this phenomenon 
is what leads to hysteresis in the I — V curves. 

In summary, we have studied the resistive switching 
of LAO films in metal/LAO/NSTO heterostructures and 
observed the electric-field-induced reversible MIT. The 
reversible MIT is ascribed to the population and deple- 
tion of QCB consisting of a wide range of defects states 
in LAO. The stable metallic state can be obtained only 
when the filling level of QCB inside the LAO aligns with 
the Fermi level of NSTO such that the wave functions 
of electrons inside the QCB and the conduction band of 
NSTO can overlap and interact with each other. The 
implications of this mechanism are far-reaching espe- 
cially now the entire semiconductor industry is moving 
toward high— /c materials. For example, the use of multi- 
component oxides as insulators in devices (e.^., high— /c 
dielectrics in silicon CMOS devices) must be exercised 
with caution because of the presence of multiple defect 
levels within their bandgap. 
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